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| and
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| | Abstract

’._Phé .fre'quericy and wavevegtor dependent d_ieléctr ie fimction
for Ge, G.aAs, a;nd ZnSe is éalculéted’from the electronic band
_structures obtained by the Empirical Pseudopbtéritial Method.
The reéults show ti’ie effect of increasing iénicit’y on the dielec-
tric function. "’I‘he r‘esu1t~s raivso yieLd the plasmof_l dispefsion
relation w(q) fo.f the three semiconductors. The frequency and
wavevector dependent Penn dielectfic function is calculated and

compared with the results for Ge.

Research supported in part by the National Science Foundation Grant GP 13632.



1. Introduction. We have calculatedlthe frequency and waveveCtor .dependent

dielectric functlon e(q,w) 1n the [100] dlrectlon for Ge, GaAs, and ZnSe This
dielectric. fu.nctlon descrlbes the screenmg of a longitudinal fleld Wthh varies
in both space and tlme ThlS is the flrst calculatlon of e(q,m) for these materlals
usmg reallst1c energy ba.nds and wavefunctions.‘ These three crystals were
chosen to observe the changes m e(q,w)‘ as one rnoves through a serles from
a completely covalent compound (Ge) to compounds W1th decreasmg covalency
(GeAs and ZnSe). o |

The present . calculatlons of e(q,co) are s1m11ar to, that done by Walter
and Cohenl- for Si. 'Ifhereal part of the dle»lectrlc _functlon, € 1.(%, ), is calcu-
lated directly, and the ima.gina_ryﬁp'art, ez(qﬂ,uy)-_, s calcnlatedﬂ using theKramers—
Kromg transformation.. The detalls and results of the calculation are given in

*

Sec. II. InSec. Illthe results for Ge are compared W1th a calculatlon of

€ (q,w) using the Penn mode,l,.3_

II. Calculations and Results. First we calculate the longitudinal wavevector

and freque'nc_y_.dependent dielectric function e(q,w) which describes the crystal

response to an electric field parallel to g and varying sinusoidally in time:

Del_(c.l'{ = wt)- ;' S *A;‘"-L(.g'-r - wt) S (2.1)

a4

Using the result for 61 obtained by Ehrenreich and Cohen, we obtain

€ q w) z , |(k c'k+q,v)l

Sk, | (2.2

o

X {[Ec(g)‘; E‘V(lﬁ"'(i) - ﬁm]‘] + [Ec(k) - Ev(tg-rg) + h’(b,l_ l}

P!



- The matrlx element is the inner product between the periodic parts of the
‘Bloch functions, kK is summed over the first Brillouin ~zohe, v labels the valence
bande, and c labels the conduCtiou bands. For computational purposes Eq. (2.2)

is rewritten as

e,(gm) = l+4ﬂze 2 3 E ,I(k c|k+q,v)| (o)
S q (2m)" kcv
| | (2 3)

. {[E (k) . (k+CI) - hw] 1y [E (k) - (k+q) +ﬁw] y

where the surimation is ox)er a gr"id”of' 3360‘ points_ iu_the'Brlllouin zone. (Ak)
is the volume of a cube assoc1ated with each point, w1th sultable truncatlons

at the zone boundaries. The coordmates of the calculated pomts are glven |
by' .]16 (2s+1, 2m+1, 2n+1) in units of Zw/a, where s, m, n are integers. ‘The
'mclices‘ vandc "spa'n the top fourb valence bands and the bottom eleven conduc-
tion bands. The wavefunctions and energies are obtained by the empirical

5

pseudo potent1al method uSing the 'pseudopotential form factors of Cohen

and Eergstresser. 6 Spm-orblt interactions were not mcluded in this calculatlon.

The die'lectrlc -function cannot be calculated forﬂ an arbitrary q because
of computer time limltatioris Crystal symmetry can be. exp101ted to con-
sivderably‘redu‘ce the time if cils restr1cted to the [100] direction. In addltlon,
l'ql must be restricted to the values %n, in units of‘ Zﬂ/a; Where'n is an
mteger so that k+q also lies on the grid of calculated pomts.

The term [EC(’l\c,) - E‘-V(§+g) - Ho]- ' in Eq (2 %) can have emqular'ltlee

at some pomte in the Prillouin zone. If the cube of volume ,(L\k) contains |

~such po-int‘s','- then the energy values at the cube center cannot accurately



represent (E - E' - ﬁup_w)"_1 over the entlre cube. For such cases, the large

.cube is d1v1ded mto 416 equal sub-cubes, and the energles E %nd ’Ev are

[N Y

I \

calculated for each sub-cube by mterpolatlon

After calculatmg € (q, )_? we C,glcula,‘tehthe_imaginary part,_,ez(q,w) by

a Kramers-Kromg transform of . el(q,‘,c}}):,_, ::Eig_s.,,l-:d, disp‘ltay three:dimensional

Nard

perspe__ct1ve plots of1 € a(g-’~°9)- ’%,nd»@z(g,@)ﬂ §Oi‘, the Vt_hr,)e}eisemiconduc.tors,v Each

) K . ) i . . - K . . )
curve represents e:-1 or.€,asa funct1onpof_w for fixed gq. The q values are
L B S S W MRS B o A A ol b T S

qa=1/4, 1/2, 3/4, and 1 in units _9_f..4;l§1x./..a;,in}the [100] direction. The.dieiec_-

e

tric functions were also calculated for q =1/8, 3/8, 1%, 13, and 2, but those

results are not plotted. o

Wt T T

'By c’onsider;ng the points __;(}g_,_w) for which the calculated e | = 0, and

by fit'ting a curve through thes’e points,l,we obtain for each material two curves

in the (q,w) plane along Wthh € (q,w) = O which we denote by W (q) and

R

u)'/e'(’q). The results are- plotted in Pig: .- From Eq.- (2« 1) we see that, if

(q,w) = O then a nonzero electrlc fleld can ex1st in the materlal even l_f no

field is applled externally, 1 e a plasmon can be present For the three

materlals con51dered here the lower zZero. wt(g) does not represent a phy31-

- e S ony s ey

cally observable plasmon mode, because, as can be seen in Flgs 1—6,‘ both

I 4 -

€ and 62 are always near thelr largest values When near wt(q); i.e. u)t(q)
resembles a damped pole in e]
As we move through the serles from completely covalent Ge through

somewhat ionic GaAs to the h1gher ionic 1ty compound ZnSe, we observe three

1mportant»qual1tat1ve features of el.




representmg the plasmon mode W (q),,

1) The hlgher zeroes of e],

change very 11tt1e.
:2) The lower zeroes of el,k w (q), 1ncrease substantlally

3) The w=0 _values and the peak values of € decrease substantlally.

.The'reasons for these effects may be understood by examining Eq.
| Because Ge, GaAs and ZnSe all have almost exactly the same latt1ce
constant and are composed of elements all from the same row of the perlodlc
- table, they all have almost exactly the same symmetmc pseudopotentlal The
prmc1pal change in movmg through the serles is that an ant1symmetr1c pseudo-
. potentlal is mtroduced and becomes larger For a g1ven (k,c,v) the energy‘
difference E (k) - (k+q) tends to become l_arg_e_x; Assummg that changes
in the matruc elements in Eq. (2. 2) are not important we may conclude the
following: | | » N | A

1) At high.f_requencies, hw >> (‘Ec -'E\'I) "f’o}r'all band pairs (c,v) for
which the matri}t eléments are not small. Then (Ec - Ev — )" ] | | |
(B, - E_+ o) 1 - 2(E, - E,) /()2 and we expect e-l(q,w)‘at high frequencies
to be only weakly dependent on the energy.differences .,-(E -E ); The true_’
plasmon mode ) l (q) should therefore be llttle affected by the ant1symmetric
pseudopotentlal and in fact is not far from the free electron value (e. 9., _‘
-16. 6erorGe) |
2) For small frequenc1es, ﬁw < ( - Ev) ~for all (k,c,v)v;as hw

increases, (Ec - EV - ﬁw)- at‘ first increases rapidly = that all terms in the

. sum over _(lﬁ,c,v) increase rapidly. el(q,w) reaches a peak and begins
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. 'decreasmg when hw ga_tsse the smallest of the energy dlfferences (E - E ),

at

o) that some of the terms (E ' hm) suddenly become large and _egat;ye

1(q,a)) passes through zero wh_en so many of the terms (Ej - E -.hm)' have

become negat1ve that they balance the positlve terms in the sum over (k c, v)

v

- [ -

‘I‘h1s occurs when m becomes roughly equal to an ’average energy gap" .

between the top: Valence and the bottom conduction bands. This value is proba-

bly connected with the Phillips average gap. i When the ant1symmetr1c pseudo-

- 'potential is introduced and th_e energy dﬁferences (E'c - EV) become larger,

-1

“the frequency -ﬁw at which the negative-terms (E, - E' ) balance the

pos1t1ve terms in the sum over (k c , V). must also fbecome larger. The lower

Zero (q) should therefore increase. :

3) At Zero: frequency, ~Eq (24 2) becomes P

€ (q,co O) N 2 :I(k,c|k+q,v)| {E (k E (k+q)}] -
- vQ,q« ,c, _ ‘

Since the antisymmetric ps"euaotpot"e?ntfial dauges the" ehe‘rg'y“ différendes ~
(B, - E) to incréase, all t‘erms'inf'the' sum dectedse. Tre static and low- -
fredquency valies of'€ “shiould therefore decrease. R

1 - .
III. The Penn Model We have calculated the” Penn model d1electr1c function

for c‘o'm‘parison ‘vvith‘our Ge résults, - This model makes the assum'ptlons." -

1)" There is no Brllloum zone, =

2) The energy E(lg) is spherlcally ‘symmetric, with a step dlscontmulty

of magmtude Eg at the fermi surface.
3) The eigenfunction of wavéveétor k is a superposition of just two

~plane waves; of wavevectors 5 and k - sz’E. Based on these assumptions, one

«



. )
can set up and solve a simple; 2% 2 Secula.rrequation and obtain analytic expres-
sions for E(g) and for the eige"n.fun'cfviens.' These expreesions are given by
- Penn. 3, The dielectri‘é f,unction' of this electron gas can then be -eelcuiated as
a sum similar to (2.2). | R

In previo’tis zero-frequency calculations, 3,8 to avoid the use of com-
puting. maehiries,_ Penn's expressions for E(E)' ahd for the rﬁatrix elements in
(2.2) _Were replaced with .si'mplified expressions. In parti‘cular, E(k) was
as‘sﬁmed'parebo‘lic (i.e. ffee el‘ectron- like) Ieverywhere excep't in a region
near the fermi surfac'e;. there, E(}\g) is assum ed equal to EF + %Eg (+ for

k>k_, - fork< kF) , so that the 'bands'" are perfectly flat ina region near

F
the fermi ’su.r'f‘ace, with an energy gap Eg | o
One can easily show that this "flat bénd” vs‘implif‘ication will cause

e](q,w)' te Texhibit a first ordef pble ekactlz a}t’ ho = Eg'for all g < ZkF.
B_ecause the lower zero_vof the .Ge. el(q,w) inCreaises Vs,igni"ficantly with q
(Fig. 7), we expect that the Penn model with the flat band simplification cannot
closelybappr.oximate the"cal'eulated e1 (q,w) for Ge. | o
'Accoi'dingly,' W'e have nurhkericrally computed the Penn dieleetric f@nc;—
Lion using the exact E(g) and eigenfunctiohs proposed by Penn. ‘We chose |
.Eg =.4.3'e1ectror} velts, the 'prifncipal: optieel gap of Ge, ahd kF. so that the
associated electron cOncentfetion is eqb.al to 'the'G"'e valence electron concentra-
tion.” The results are p,lvotted in F_ige.. 8 and9
The Pehn model 'e](q,vw : 0) agf'ees; fa:irly well with the result of Welt.er
and Coheng'( identical to our r’eeult')" for }Ge. The numbers a.re given in Table L

However, for intermediate and high frequencies}the 'agreement is poor. The

Penn‘model, polarizability at higher frequencies is considerably larger than



the calculated Ge polarizability based on the Ge E(g). As a result, the

upper zeroes-of_ el(q,w) occur at appreciably higher frequencies than in the

§ e A st o

Ge case., . - -l . R
This low frequency agféément and high f:éQue’ﬁ'Cy disagreement may

be understood as follows. The diélectrié 'furiction'fof‘Zerb frequency is of .

the form o
« . : ' - ] M2 . B
e (q0=0 =1+ =5 Z - -
1 92 E_ - B .
. .. q k+vq k'
whereas for high frequencies - | '
: . ' 4 le'wfﬂ_. 1’"“ , 2‘ I ‘
€ (Q}w - co) =1 - ——2—. * _é E M (Ek - Ek) .
E | (w)° g SRR

So, for low freQuen_cies the polarizability involves the ratios of matrix elements
and energy differences; whereas, for hithfréquencies it involves the products
of matrix elements and energy differencés; We suggést that both the energy

differences Ek+q - Ek and the valence-conduction coupling matrix elements

M2 tend to be larger for the Penn model than for true Ge.  If so, then the .
high frequency Penn model pola{rizability, involving the products 1\/12(}3k+q -
Ek)’ s'hould be considerably larger than the values for Ge, whereas the low

e

frequency polarizability, involving the ratics 'MZ/(E

5+q - EK)’ may nqt be

substantially different from the Ge case.

s
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